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Abstract 
 
The literature survey reviews our present understanding of the 
Madden Julian Oscillation. This perturbation to the circulation of the tropical 
atmosphere involves anomalies in climate elements such as pressure, wind, 
outgoing long wave radiation, and temperature. It is successfully simulated 
by the present generation of general climate and atmospheric general 
circulation models. The literature reviewed describes the discovery of the 
Madden Julian Oscillation, its interaction with the ocean is appraised and 
current monitoring indices and prediction schemes are reviewed. There is 
evidence that the Madden Julian Oscillation plays a crucial role in 
contributing to Australia’s non-seasonal climate variability, which is largest in 
eastern Queensland. Its impact upon rainfall variability in Queensland is not 
fully appreciated. The possible application of current prediction schemes may 
lead to significant economic benefits for the state.  
 
1.  Introduction 
 
Recent evidence suggests that the intra-seasonal Madden Julian 
Oscillation (MJO) contributes to rainfall variability in northeastern Australia. 
Yet, its significance or exact influence is not fully understood and quantified. 
This literature review contributes to a project that aims to advance our 
understanding of the MJO, and ultimately, leads to the development of a 
simple, predictive tool to forecast MJO activity. The project is a collaboration 
between the Queensland Department of Primary Industries (DPI) and the 
University of Southern Queensland (USQ).  
 
The MJO is a large-scale atmospheric circulation anomaly that 
originates in the Indian Ocean and propagates eastward into the Pacific 
Ocean. Madden and Julian (1971, 1972) identified the existence of this 
atmospheric oscillation initially from atmospheric pressure records at Canton 
Island (3o S, 172o W). It is associated with convective anomalies and westerly 
wind bursts confined to the equatorial region between about 10o N and 10o S. 
Its timescale is about 30 to 60 days with a frequency of about six to twelve 
events per year. While terms such as the 40-50 day wave and intra-seasonal 
oscillation have been used in referring to this atmospheric phenomenon in the 
past, this literature review, as most papers discussed here, adopted the term 
Madden Julian Oscillation in acknowledgment of Madden and Julian’s (1971, 
1972) groundbreaking work.  
 
The review discusses in detail the spatial distribution, periodicity, and some 
proposed propagation modes of the MJO. Theories regarding the interaction 
of the MJO and the El Niño Southern Oscillation (ENSO), the Austral and 
Asian monsoons, and the Indian and Pacific Oceans are outlined. The ability 
of global atmospheric general circulation models (AGCM) and global climate 
models (GCM) to represent MJOs is examined. Particular focus is upon recent 
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attempts to develop simple MJO indices that allow monitoring and prediction 
of MJO activity. It is these indices that form the future starting point in 
developing predictive tools for MJO activity and testing their applicability for 
Queensland.  
 
2.  A brief description of the MJO 
 
The MJO was first identified and described by Madden and Julian 
(1971), when analysing data from Canton Island (3o S, 172o W) for zonal wind 
anomalies. The oscillation was noticed as a peak in station pressure, and 
upper and lower zonal winds. Additional spectral and cross-spectral analysis 
of rawinsonde data collected over periods of 5-10 years at several tropical 
stations confirmed the existence of spectral, but diffuses peaks over a 40-50 
day range (Madden and Julian 1972).  
 
The observational evidence suggested that the oscillation is basically 
the result of the eastward movement of large-scale circulation cells within the 
equatorial plane. The oscillation is global scale, possible stationary feature 
with characteristics of an eastward propagation wave. Madden and Julian 
(1994) recently published a literature review on the MJO in addition to those 
two previously referenced seminal papers by the same authors. 
 
The MJO is generated above the Indian Ocean (Madden and Julian 
1972). It is most easily detected in the tropics of the eastern hemisphere (von 
Storch and Xu 1990), although weaker, though detectable, throughout the 
western hemisphere tropics where it eventually decays (Geerts and Wheeler 
1998). Although the MJO signal is strongest in the Indian and western Pacific 
Oceans, where it, for examples, alters the intensity of the Austral Asian 
monsoon system and interacts with ENSO, it seems to affect the entire tropical 
troposphere (Elleman 1997). It has been estimated that up to one half of 
seasonal variance experienced in the western Pacific Ocean is attributable to 
the MJO (Kessler 2001). 
 
The signal of the MJO is observed as an anomaly in pressure, wind, 
cloudiness, rainfall, air temperature and sea surface temperature (SST). It is, 
however, most discernible as anomalously high and low outgoing longwave 
radiation (OLR) (Elleman 1997). It has a period of about 30-60 days (Geerts 
and Wheeler 1998) and a frequency of about 6-12 events per year. In essence, 
the MJO is the most dominant intraseasonal climatic variation in the tropics. It 
is associated with the eastward movement of convective irregularities 
(Elleman 1997) and a wavenumber of one to two (Madden and Julian 1994). 
This means that at any time there is at least one active phase of the MJO in the 
tropics, but not more than two.  
 
2.1 This global climate pattern is described by an episodic modulation of tropical winds 
and precipitation that travels from Asia to the Americas with a characteristic repeat 
time of 30 to 60 days (Maloney and Hartmann 2000). Spatial coherence, eastward 
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propagation at 5 to 10 metres per second, and wide zonal band distinguishes the MJO 
from other intraseasonal variations (Kessler 2001). The MJO is a unified global scale 
physical phenomenon and the use of statistical analysis such as empirical orthogonal 
function (EOF), allows a spatially extensive, coherent signal to be extracted from 
unspecified variance (Kessler 2001). Hendon and Liebmann (1994) defined the MJO 
as a baroclinic structure, characterised by convection that is organised over a broad 
range of time and space scales. 
2.1 Naming the MJO 
  
Madden and Julian (1971) called their discovery a 40 to 50 day 
oscillation; a title that persists. As the temporal distribution is variously 
defined as 40 to 50 days (Madden and Julian 1972) and 30 to 60 days (e.g. von 
Storch and Xu 1990), this name is perhaps not the most accurate that has been 
applied to the feature. Other authors have referred to the phenomenon as 
intraseasonal oscillation, tropical intraseasonal oscillation, and 40 to 50 day tropical 
oscillation.  
 
In order to pay tribute to the groundbreaking, seminal work by 
Madden and Julian (1971, 1972, 1994), the term Madden Julian Oscillation was 
adopted in this review. This also avoids any confusion that relate to the 
specific periodicity of the phenomenon. Throughout this document the 
tropical, atmospheric, intraseasonal, oscillation with an interval of 30 to 60 
days, will be called the Madden Julian Oscillation (MJO).  
 
2.2  The dynamics of the MJO 
 
Madden and Julian (1972) first suggested the association of the MJO 
with convection over an extensive area. They conjectured that a zonal 
circulation cell caused the fluctuations they had located in station pressure, 
with convergence low in the troposphere (800 millibars) and divergence in the 
upper troposphere (250 millibars). They later found that surface level 
pressure, zonal winds and air temperature at various levels were coherent 
(Madden and Julian 1994). The MJO is associated with masses of convective 
clouds, named super cloud clusters (SCC), westerly wind bursts and zonal 
wind perturbations in the upper and lower troposphere (Yanai and Chen 
1998).  
 
The cloud clusters originate in the Indian Ocean, migrate to the east 
over the Indonesian Archipelago and western equatorial Pacific. They rapidly 
decay over the cold eastern Pacific Ocean (Yanai et al. 2000). For SCC to form, 
a large convective energy source is required, which is provided by the Indian 
Ocean (Madden and Julian 1972). The scale of the zonal circulation is smaller 
over Africa and South America than it is over the Indian and Pacific Oceans 
(Knutson and Weickmann 1987). Matthews (2002) found that the MJO is 
prominent in the eastern hemisphere, but that the mountain ranges of 
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southern and central America, and Africa slow down the propagating wave 
from its fast dry phase to the slower convective phase. 
 
In their seminal paper, Madden and Julian (1972) presented a 
summarised, but schematic description of the oscillation’s behaviour (see 
their Figure 16 for further details). It commences with a negative pressure 
anomaly over east Africa and the Indian Ocean with increasing large-scale 
convection over the ocean. This convection establishes two circulation cells. 
The eastern one reaches only to the date line while the western one extends 
toward east Africa with strong upper tropospheric easterlies and low surface 
pressure.  The negative pressure anomaly above the Indian Ocean moves with 
the zonal circulation cell toward Indonesia and just after crossing the 
Indonesian Archipelago, the oscillation has developed into two fully 
symmetric circulation cells. Upon further eastward propagation of the 
pressure anomaly the western cell shrinks. Convection commences to weaken 
at about the date line.  Upon crossing South America, only a weak upper 
tropospheric divergence without any convergence in the lower troposphere is 
observed above the Atlantic Ocean. At this stage, all convective activity 
associated with this oscillation has ceased. 
 
 Zou and Cho (2000) described the MJO as a large scale eastward 
propagating SCC accompanied by mesoscale westward propagating smaller 
cloud clusters. Their research suggested that there may be a propagation 
envelope, in which the smaller clusters travel at group velocity. Most coherent 
in the austral summer from December to May, MJO deep convection always 
coincides with extensive ascent and SCC accompanies a wide area of warm 
air (Yanai Chen and Tung 2000). These researchers suggested that the kinetic 
energy is maintained by potential energy generated through convective 
heating. 
 
Madden and Julian (1971) thought the oscillation was similar in structure to 
atmospheric Kelvin waves. Since then, it has been shown that the MJO is 
associated with a Kelvin/Rossby wave like structure (e.g Gill 1980; Yamagata 
and Hayashi 1984). It travels on average at 5 metres per second and involves 
the entire troposphere of the eastern hemisphere between about 30o N and 30o 
S. In the western hemisphere, where the MJO involves only a Kelvin wave, it 
has a velocity of about 10 metres per second and is a zonal wind feature with 
no associated convection (Elleman 1997). Zhang (1998) noted that the 
influence of westerly wind bursts and calm conditions has significant effects 
on air-sea coupling. Westerly wind bursts that are associated with the MJO, 
often occur west of active MJO convective systems, while weak winds are 
characteristic for the suppression of the MJO east of convective systems. 
 
An atmospheric Kelvin wave with a period of up to 70 days has a zonal 
width equal to the Pacific Basin; that is about twice the width of the MJO. It 
travels at about 2-3 m.s-1. Since velocities of about 5 m.s-1 are characteristic for 
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the MJP propagation, Kelvin waves must be associated with the lower 
frequency components of the MJO. The phase speed of the MJO and Kelvin 
wave west of date line increases to around 10 m.s-1 due to near resonant 
forcing of the MJO stress induced anomalies, (Hendon et al. 1998).  
 
Zhang and Hendon (1997) found no standing oscillation component to 
the MJO and argued that the propagating mode accounts for almost all 
convective variance. They proposed that the impression of a standing mode 
comes from modulation of the easterly propagating convective disturbance. 
Lau and Peng (1987) suggested that the selective amplification of Kelvin 
waves affects heat sourcing, propagating MJO to the east. This idea is 
supported by the findings of Goswani and Rameshan (2000), who also found 
that the selective excitation of Kelvin waves is responsible for a wide 
spectrum of tropical variability, including the MJO. In addition, Elleman 
(1997), states that tropical oscillations, including the MJO, have a common 
dynamic origin, but different dynamic evolutions.  
 
Hendon and Glick (1997) discovered that spatially coherent SST 
anomalies of approximately 0.3 oC develop in the Indian Ocean. They move 
eastward, in conjunction with an extended convection irregularity. The 
authors demonstrated that anomalous SST in the Indian Ocean is caused by 
surface insolation anomalies, associated with exceptionally large scale 
convection. They also showed that anomalous SST of the western Pacific 
Ocean is driven by anomalous latent heat flux and an increase in surface 
insolation. The difference in genesis was thought to be a reflection of 
structural changes in the MJO during its evolution.  
 
Fink and Speth (1997) propose three forcing mechanisms for triggering 
the MJO: a tropical SST rise;  the phase of ENSO, and atmospheric precipitable 
water participating in a feedback mechanism triggering the oscillation. Jones 
and Gautier (1998) stated that MJO is maintained by wave conditional 
instability of the second kind (CISK), and not by evaporation wind feedback, 
because surface latent heat flux anomalies are positive to the west of 
anomalous convection (and vice versa). However, Chao and Chen (2001) later 
found that wave CISK surface friction does not play an instability enhancing 
role in MJO. 
 
 Ellmann (1997; see page 7 of that document for more details) 
summarises the  structure of the MJO as follows. In the eastern hemisphere, a 
stronger than normal trade wind inversion results in clear skies and an area of 
suppressed convection. Within the centre of suppressed convection, the clear 
skies (associated with stable air) allow maximum shortwave radiation to 
reach the ocean’s surface, slightly raising the SST as the oscillation moves east. 
The wind and increased SST enhance evaporation. There are westerly wind 
bursts west of the convective region. Near the western edge of the area of 
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suppressed convection, the trade winds weaken, triggering low-level 
tropospheric moisture convergence, leading to deep convection.  
 
The region of enhanced convection lies to the west of maximum 
moisture convergence. Zonal surface winds slow as they approach the centre 
of convergence. The region of enhanced convection is characterised by SCC, 
which travel east at around 5 to 10 metres per second. The SCC are made up 
of cloud clusters that form in the east and break down at the western 
boundary of the SCC. The clusters are not long lived storm complexes, but a 
moving wave, that is, an oscillation. 
 
In the western hemisphere, surface air flows away from suppressed 
convection in both zonal directions and towards regions of enhanced 
convection. In the upper troposphere, anomalous easterlies exit the western 
side of enhanced convection. In the lower troposphere, strong westerlies 
from the eastern side of enhanced convection flow into the area of 
suppressed convection (Madden and Julian 1994, Elleman 1997, Geerts and 
Wheeler 1998). Not all of the elements outlined above can be located all of 
the time. The idealised MJO as described above can only be detected when 
30 to 60 day periods are extracted from the data. In reality the MJO varies in 
structure, amplitude and period. 
2.3  Spatial and temporal distribution of the MJO 
 
The global scale of the MJO was first proposed by Madden and Julian 
(1972), and initial attempts to determine its size delineated an oscillation 
between 10o N and 10o S. (Madden and Julian 1972). The MJO is now 
recognised from 20o S to 20o N and, while individual MJO events may push 
farther into the mid-latitudes, the signal is not considered to routinely 
penetrate these boundaries (Wheeler and Hendon 2002). The area of MJO 
activity may extend across 60o longitude, and reaches into the upper 
troposphere boundary layer (250 millibars) (Woolnough et al. 2000). The 
vertical extent of the MJO is limited to the tropopause. Geerts and Wheeler 
(1998) state that the maximum frequencies of occurrence for MJO convection 
lie between 60o to 80o, and 150o to 180o E. 
 
The temporal distribution of the MJO was first described as 40 to 50 
days (Madden and Julian 1971), however, it was soon recognised that this 
temporal scale might be restrictive (Madden and Julian 1972). Tropical 
stations show a slightly extended period of 30 to 60 days, but the 
phenomenon can extend from 22 to 79 days, with a median of about 45 days 
(Madden and Julian 1994, Matthews No date provided). 
 
The MJO is most prominent during the austral summer from 
November to March (Hendon et al. 1999). Slingo et al (1996) suggested that 
the greatest MJO activity occurs during the northern hemisphere winter and 
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spring, when the seasonal variability reaches a maximum over the equatorial 
Indian and western Pacific Oceans (Maloney and Keehl 2002). Using data 
from the 1890s Madden and Julian (1972) demonstrated that the MJO has 
existed throughout time, with a spatial duration comparable to the present. 
 
Lau and Peng (1987) proposed that the temporal scale is controlled by 
time taken for the MJO to circumnavigate the globe, its speed dependent on 
vertical structure. However, Maloney and Hartmann (1998) suggested that 
frictional moisture convergence in front of convection moistens the air, assists 
convection, thus promoting MJO onset, and determining time scale by re-
initiation. It has also been suggested that the period is set by the build up and 
discharge of low-level moist static energy (Kemball 2001). 
 
2.4  Propagation of the MJO  
 
The MJO shifts mass around the tropics by the easterly propagation of 
deep convective anomalies (Wang and Rui 1989). Geerts and Wheeler (1998) 
outlined a process of surface air flowing away, in both zonal directions, from 
regions where there is suppressed convection, towards a region of enhanced 
convection. In the upper troposphere anomalous easterly winds exit west of 
enhanced convection, and strong westerlies exit the eastern side of 
suppressed convection. Gyres are generated in the tropopause: cyclonic gyres 
trail suppressed convection and anticyclonic gyres trail enhanced convection. 
 
During the northern hemisphere winter the MJO migrates from the 
Indian Ocean across northern Australia and into the South Pacific 
Convergence Zone (SPZC). During the northern hemisphere summer, von 
Storch and Xu (1990) described the MJO moving from the Indian Ocean, 
across southern Asia and along the Inter-tropical Convergence Zone (ITCZ) to 
South America.  
 
In contrast, Wang and Rui (1989) identified three main MJO paths: (i) 
eastward along equator all the way to the mid Pacific Ocean, (ii) eastward along 
the Equator over Africa and the Indian Ocean and turning NE to NW Pacific or SE to SW 
Pacific Ocean at the maritime continent, and (iii) the main branch moves east to the date line 
with split centre/s moving northward over the Indian Ocean and/or western Pacific Ocean. 
Furthermore, it was  suggested that the path depends upon the season since 78% 
of the MJOs taking the first path do so between December and May, path two 
dominates from November to April, and path three during boreal summer 
(May to October). 
 
Matthews et al (1999) offered two reasons for propagation: Firstly, a local 
mechanism operating over the Indian Ocean warm pool erodes to the west, 
and expands to the east via the equatorial Kelvin wave. Secondly, a global 
convection feature initiates mean sea level pressure (mslp) anomalies which 
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rapidly radiate eastward as dry equatorial Kelvin waves, slows at the Andes 
and over Africa, then reappears in time to start the next MJO. 
 
The propagation speed varies from around 5 m.s-1 in the Eastern 
Hemisphere to 10 m.s-1 in the Western Hemisphere (Geerts and Wheeler 
1998). Hendon and Salby (1994) and Geerts and Wheeler (1998) attribute the 
acceleration to changing structure - the MJO responds as radiating Kelvin 
waves to a convective anomaly, and then propagates faster in the western 
hemisphere as Rossby waves.  
2.5  The MJO and cloudiness 
 
 The cloudiness associated with MJO convection is the key to its 
detection using infrared satellite sensors, because the tops of convective 
clouds are very cold and therefore emit very little outgoing longwave 
radiation (OLR). Measurements of OLR variance in the convective regions, 
reading signals greater than red noise (with the correct time scale), can select 
MJO signals. As the MJO incorporates super cloud clusters (SCC) of about 
1000 kilometres width,  they are easily discernible from satellite data  (Geerts 
and Wheeler 1998; their figure 3). The skill of MJO prediction from EOF of 
OLR data is about one week (Lo and Hendon 2000) 
 
Cloudiness is a useful feature of the convective portion of the MJO, 
allowing determination of convection, which accompanies clouds located 
between 100o to 150o E. Cloud masses are characteristic of the Indian and 
Australian monsoon onset (Madden and Julian 1994). Wang and Rui (1989) 
found that clouds form west of the central equatorial Indian Ocean and west 
of equatorial Africa to the north of the Equator during the boreal summer, 
and from Australia to the date line to the south of the Equator during the 
austral summer. Cloud activity favours the summer hemisphere and the 
general location of the ITCZ (Madden and Julian 1994). Observation of clouds 
in the tropical Eastern Hemisphere can be used to monitor the location and 
activity of the MJO. 
 
3. The MJO and ENSO 
 
Recent work indicates that the MJO interacts with ENSO, which 
perhaps is the most recognised global climate anomaly (Madden and Julian 
1994, Elleman 1997, Geerts and Wheeler 1998). Madden and Julian (1994) 
found that the MJO experienced a higher frequency oscillation (that is, the 
periods were generally shorter) during ENSO warm events. Gualdi et al 
(1999) demonstrated that while the MJO sustained an easterly shift over the 
date line during ENSO warm events, the overall level of MJO is not correlated 
with ENSO, except during exceptionally warm events when MJO is 
diminished. 
 
Hendon et al. (1999) postulated that the level of MJO activity is weakly 
correlated with SST. Chen et al (2001) support this hypothesis and found that 
10 
USQ-DPI MJO Project 
the correlation between ENSO and MJO has decadal scale variability and that 
the strength of the interrelationship varies between years. Yet, Slingo et al  
(1996) contrast this proposal and assert that the interannual MJO behaviour is 
not at all ENSO controlled or correlated. 
 
This apparent conflict in ENSO/MJO coupling is straddled by Kessler (2001) 
who speculated that while interannual changes in MJO are not ENSO related, 
relatively small zonal shifts of MJO produce proportionately large ocean 
effects. Two modes of MJO interannual variability are proposed: firstly, a 
zonally stationary variation of amplitude representing up to 20% of MJO 
variance (which is equal to 55% of the total tropical intraseasonal variance) 
and secondly, an extension of the MJO envelope of approximately 20o 
longitude during warm ENSO events. 
 
There is a noticeable problem in using MJO data to explore the 
connection with ENSO. Slingo et al (1999) highlighted this fact supported by 
measurements of the MJO activity prior to the mid 1970s. These are 
consistently lower in frequency and only a weak ENSO influence is apparent. 
Wether this difference is due to inaccuracies in data collection prior to satellite 
introduction or reflects a real change in the MJO has not been determined. 
 
The ENSO/MJO connection has been described as follows: wind 
stresses cause SST cooling which flattens the SST gradient. This in turn 
spawns westerly wind anomalies and accelerated MJO growth which then 
impact upon  the strength of ENSO warm events (Kessler and Kleeman 2000, 
Zhang and Gottschalck 2002).  
 
Zhang and Gottschalck (2002) also proposed that major warm events 
are preceded by very strong MJO-Kelvin wave activity with lead times of 
about 6 to12 months. However, this link holds only for the data collected after 
1980. Slingo et al. (1999) encountered similar problems and were not able to 
establish an ENSO/MJO connection for the period 1950 to 1979. In contrast, 
the observed role of the MJO in the ENSO warm events of 1982/83 and 
1997/98 ENSO was clearly evident. Strong MJO activity seemed to trigger the 
actual onset of the warm phase (Weickmann 1991, Nakazawa 1998). In turn, 
the activity of the MJO is subsequently diminished by the ENSO warm event 
(Hendon et al. 1999). 
 
4.  The MJO and eastern hemisphere monsoons 
 
The MJO affects the intensity of, and the active and break periods in, 
the Asian and Australian monsoons (Yasunari 1979, Geerts and Wheeler 
1998). Eastern hemisphere cyclones are associated with active MJO phases as 
proposed by Chappel and Bate (2000). The behaviour of the monsoons varies 
interannually due to the number of discrete MJO events, and their influence is 
most pronounced in the summer hemisphere (Kayano and Kousky, 1999, 
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Lawrence and Webster 2001). The early onset of the Indian monsoon in May 
1995 was triggered by a strong MJO (Flatau et al. 1998). Knutson and 
Weickmann (1987) conjectured that the MJO influences the monsoon by 
retracting the East Asian Jet when the MJO is active in the Indian Ocean, 
permitting monsoon convection.  
 
The Australian summer monsoon exhibits the presence of a 30 to 50 
day oscillation in rainfall variability, with wet spells around 40 days apart that 
relate to the period of the MJO (Hendon and Liebmann 1994, Geerts and 
Wheeler 1998). Rainfall records from Darwin demonstrate this 40 day cycle 
(Linacre and Geerts 1998). When the MJO is active in the western and central 
Pacific Ocean from May to October, it strengthens the typical winter westerly 
winds over southern Australia as it moves east (Knutson and Weickmann 
1987). 
 
The MJO is important, but secondary to ENSO, in the onset of the 
monsoon in South China Sea (Wu and Wang 2000). Indian rainfall maxima 
also show fluctuations at intervals around 30 to 60 days when the monsoon is 
in its active phases (Madden and Julian 1994). Goswani and Mohan (2001) 
presented the idea that the active phase of the typical MJO intensifies the 
mean monsoonal flow. The MJO active phase displaces the ITCZ with it, 
promoting convection, and strong monsoon years are associated with a higher 
probability of MJO active conditions (Goswani and Mohan 2001). 
 
5.  MJO and ocean interactions 
 
The MJO interacts with the ocean by modifying surface fluxes of 
momentum heat and fresh water in the Indian and Pacific Oceans, where 
observed MJO signals are strongest. (Zhang and Gottschalck 2002) 
Observational evidence of intraseasonal perturbations detected near the 
surface and in the upper layers of the ocean include temperature, salinity, 
mixed layer current and Kelvin waves (Jones and Gautier 1998, Zhang and 
Gottschalck 2002).  
 
Feng et al. (2000) stated that the MJO zonal advection has a net 
warming and freshening tendency of the Pacific Ocean warm pool. Warming 
anomalies can reach 10 oC in the western Pacific Ocean. In the Bay of Bengal 
latent heat fluxes can vary by up to 20% (40 W.m-2) under the influence of the 
MJO (Feng et al 2000). Maloney and Keehl (2002) indicated that the MJO 
significantly modulates the tropical eastern Pacific Ocean SST during the 
northern hemisphere summer, typically by about 0.4 to 0.5 oC, but possibly up 
to 2 oC. They submit that the SST perturbations may be due to ocean 
dynamics and not surface heat fluxes, although Woolnough et al. (2000) found 
coherent relationships between surface fluxes and SST on intraseasonal time 
scales. 
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Zhang (2001) asserted that strong surface wind events associated with 
the MJO create a massive intraseasonal SST perturbation. Centred above the 
Equator, these anomalies have 0.5 oC or even larger amplitudes and extend 
about 2000 to 5000 km longitudinally and 500 kilometres meridionally. These 
positive and negative perturbations show a tendency to move east and west 
and may be MJO forced oceanic Kelvin waves. The ocean Kelvin waves 
modify the effect of equatorial upwelling, so that the mixed and surface layer 
temperature may fluctuate. 
 
Contrary to other interpretations of the MJO and ocean interaction, the United 
Kingdom Universities Global Atmospheric Modelling Project (UKUGAMP) 
(no date provided) regarded the MJO as a coupled ocean atmosphere process. 
For this to be correct, they state that the MJO must impact on the ocean 
dynamics and intraseasonal SST variations must organise convection. They 
suggest that convection associated with the MJO can generate SST anomalies 
by modulation of shortwave and latent heat fluxes at the ocean surface. This 
would result in a convection pattern with a positive SST anomaly before and 
to the east of it, and negative anomaly to the west and following it. Their MJO 
model SST did organise convection with a structure similar to that observed 
in the MJO, and the longer SST were high, the greater the magnitude of the 
precipitation anomaly. They proposed that the MJO is a coupled ocean 
atmosphere mechanism, with the periodicity determined by the strength of 
convection, surface fluxes and the heat capacity of the mixed layer. Work by 
other researchers does not support this theory at present.  
 
6. Modelling and predicting the MJO 
 
Modelling climate systems assists with synoptic weather and climate 
forecasting. When models can closely represent the observed behaviour of the 
MJO, it suggests the parameters used are accurate and reliable, and 
forecasting more dependable. A number of global scale climate models have 
been developed, and some are being used to improve predictions of systems, 
for example, ENSO. The MJO has been factored into some models, with 
implications for the prediction of MJO, and other phenomena. 
 
6.1  Modelling the MJO 
 
Swinbank (1986) applied transformed (EOF) data to a general 
circulation model, and produced convective areas, and wind anomalies with a 
Kelvin wave like structure. The periodicity produced by this model was too 
long (90 days) or too short (20 days) to accurately represent the MJO. Using a 
conditional instability of the second kind (CISK) model, Miyahara (1987) 
produced a baroclinic fluctuation with a Kelvin/Rossby wave like pattern, 
but this decayed, and the resultant pulse did not mimic the observed nature 
of the MJO. 
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Stringer (1992) used Darwin mslp to create an index for locating the 
MJO and predicting rainfall for Darwin. He found that the events he 
monitored were not coherent over a broad geographical area. The data 
Stringer (1992) used was only updated weekly, creating accuracy problems in 
the last portion of any information produced.  
 
A simple statistical model for the MJO was developed by Elleman 
(1997), which accurately predicted the propagation, spatial pattern and 
location of extreme anomalies, but failed to reproduce the magnitude of those 
anomalies, which were 5-10 days late. Elleman (1997) suggested that multiple 
regression techniques might best compliment dynamic forecast models. 
However, Mo (2001) asserted that while statistical models are good for real 
time monitoring of MJO, they are not able to capture the magnitude.  
 
Lin et al. (1998) introduced the rationale evaporation wind feedback 
(EWF) to explain maintenance of the MJO. Feedback from an interactive SST 
was thought to be an important factor in simulating intraseasonal variability 
in model perturbation experiments (Waliser et al. 1998). In contrast, Lin et al. 
(2000) found that evaporation wind feedback does not account for oscillation 
sustenance in their model, and that mid-latitude excitation (storms), must 
assist feedback in maintenance of the signal. 
 
Raymond (2001) developed a model in which cloud radiation 
interactions make tropical atmosphere susceptible to large scale radiative –
convective overturning; disturbance dynamics are more balanced as low level 
flow vorticity, rather than being divergence related. Maloney (2002) found 
models are highly dependent on lower tropospheric moistening by surface 
convergence, eastward propagation of the MJO all the way to the coast of 
South America (which rarely occurs in reality), and fail to predict strong, low 
level Indian Ocean westerlies near to and west of convection 
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6.2  The MJO in climate models 
 
During the Atmospheric Model Intercomparison Project (AMIP) in the 
1990s, over fifteen AGCM were used to simulate tropical intraseasonal 
oscillation (Slingo et al. 1996). They used upper tropospheric potential and 
zonal wind data. Most of the models they reviewed produced an eastward 
propagating anomaly in the velocity potential field, some models displayed 
an unrealistically standing oscillation, and some had chaotic movement. The 
models that did have clear eastward movement demonstrated typical 
periodicities that were reasonably close to those observed, but shorter. 
Further, none of the AGCM’s captured the dominance of the MJO over 
tropical fluctuations, and they all underestimated the strength of 
intraseasonal variability. Some of the models could reproduce the 
suppression of MJO during the strong ENSO event of 1982/83, but Slingo et al 
(1996) concluded researchers needed more climate information to improve 
modelling. 
 
Sperber et al (1997) stated that of those AMIP models they analysed, 
the Goddard Laboratory for Atmospheres (GLA) and United Kingdom 
Meteorological Office (UKMO) simulated the most realistic MJO. The GLA 
model produced a good prototype of convection over the western and central 
Pacific Ocean and into the SPCZ, and was better at feigning the eastward 
propagation. Both models exhibited the baroclinic structure observed in the 
real MJO. They concluded that the models suggest wave-CISK as the 
eastward propagation mechanism rather than evaporative feedback. When 
Wang et al (2001) re-investigated the AMIP they also found that some models 
reasonably well reproduced the main aspects of the MJO. 
 
A Kelvin wave framework was used to synthesise the MJO into an 1800 
day integration of the Hadley Centre Unified Model (Matthews et al 1999). 
These researchers produced a model MJO output that had realistically large 
spatial structure and propagation characteristics, but deep convection was not 
as coherent, and the propagation wasn’t smooth. The model provided no 
clues as to the origin of convective anomalies. The accuracy of this model 
suggests an underlying, but strongly modified Kelvin wave mechanism, 
within the MJO (Matthews et al 1999). The introduction of SST data did not 
improve model accuracy, as MJO variability results from the mean seasonal 
convection (Hendon Zhang and Glick 1999).  
 
Jones et al (2000) applied the National Centre Environmental 
prediction (NCEP) Medium Range Forecast (MRF) model, but found that it 
had difficulty in maintaining the MJO, severely impacting its forecast 
capabilities. Chao and Chen (2001) employed atmospheric GCM integrations, 
and found that they do not support the idea that surface friction plays an 
instability enhancing role in MJO. The effect of feedback mechanisms on 
simulated MJO was to generate a strong signal when there was turbulent 
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surface flux, but the frequency generated was far too short (there were 16 to 
28 MJO events a year compared with 6 to12 a year in reality) (Colon Lindesay 
and Suarez 2002). They also found that simulated MJO is most sensitive to 
SST and moisture availability due to wind driven feedback. 
 
6.3  Predicting the MJO 
 
Lee et al (2001) attempted to include parameters, such as cloud 
radiation in GCMS, to improve their forecasting abilities, but found it 
contaminated eastward propagation in their model. Hendon et al (2000) 
discovered that when model forecasts were initialised during active MJO 
periods, they failed to capture the eastward propagation, and systematically 
forecast weakening andor retrograde movement. It was then found that EOF 
transformed data produced the best results in a model when the MJO was 
active at initiation (Lo and Hendon 2000).  
 
Hendon (2000) conducted experiments that indicated that air-sea 
coupling does not alleviate MJO modelling problems Wheeler and Hendon 
(2002) have developed an all season real time multivariate MJO index for 
monitoring and prediction in Australia. This index has a distinct advantage 
over all other attempts to models MJO – it exists in real time. Extensive 
manipulation of data is unnecessary, so the index is practical for synoptic 
scale forecasting and fieldwork Accurate MJO predictions may allow 
improved long range forecast of tropical cyclone activity (Maloney and 
Hartmann 2000). 
 
7.  Summary and conclusions 
 
The MJO is a large-scale tropical anomaly of the atmospheric 
circulation with a baroclinic structure. Convection, cloudiness, westerly wind 
bursts and zonal wind anomalies are all associated with the MJO. The 
periodicity of the MJO is about 30 to 60 days, and it is generally confined to 
20o N and 20o S of the Equator. The MJO propagates in a Kelvin wave-like 
manner at speeds of 5 m.s-1 and 10 m.s-1 in the eastern and western 
hemisphere respectively. 
 
MJO Kelvin waves are believed to trigger and intensify ENSO warm 
events. The on-set of the Indian and Australian monsoons can be initiated by 
MJO, and the activity of monsoons and cyclones is positively correlated with 
MJO activity. The MJO clearly influences Australian weather but the exact 
role is still unclear. The use of real time indexes that identify and predict the 
MJO will assist in defining its influence. This could lead to the more accurate 
prediction of climate features, such as rainfall.  
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Appendix 
 
The literature database for this project is being updated continuously. The 
papers reviewed above are viewed as the most significant ones. The articles 
listed below have not been incorporated into above the document. Newly 
published papers etc. will also be amended here for future reference 
purposes.  The literature database is established using Endnote.  
 
1. Chen, S.S., Zhang, C and Houze R.A. Jr. ( 1998).The Diurnal cycle of 
atmospheric convection and surface boundary layer conditions over the warm pool. 
Conference on TOGA COARE, Boulder Colorado 1998. 
 
Brief summary: During convectively suppressed phases cloud systems are 
spatially small and with lifetimes of 3 hrs, they form, reach maximum and 
die preferentially in the afternoon when the ocean surface and adjacent 
atmosphere warmest. During convectively active phases cold cloud 
coverage, large spatially, tend to form in afternoon and reach maximum 
aerial extent prior to dawn, their decay extends into the next day. Tend to 
get progressively warmer cloud tops. Preliminary results show boundary 
layer depth and mean virtual potential T have distinct afternoon maxima 
indicating whether the phase is active or suppressed. 
 
2.  Li, C. (1991). The global characteristics of the 30-60 day atmospheric 
oscillation The Chinese Journal of Atmospheric Sciences. 
 
Brief summary: 30-60 oscillations in mid and high latitudes; oscillation 
larger, wavenumber 2-4, propagate slowly westward  
 
3.  Maloney and Hartmann (1998) Frictional moisture convergence in a 
composite life cycle of the Madden-Julian oscillation. Journal of Climate, 11, 
2387-2403. 
 
Brief summary: Frictional moisture convergence at the equator plays 
important role in MJO lifecycle: Regions of boundary layer convergence 
foster growth of positive water vapour anomalies est of convection, 
coinciding with 850mb easterly wind anomalies (Consistent with Kelvin 
wave dynamics). Frictional convergence in front of convection helps slowly 
moisten the atmosphere to state favourable for convection (this may set 
time scale for initiation of convection in Indian and west Pacific oceans 
after strong drying, and provides the mechanism for (slow) eastward 
propagation.). Drying (rapidly) occurs after convection passage with onset 
850 mb westerly anomalies, may be result of boundary layer divergence 
and subsidence OR horizontal advection from west/extratropics assoc with 
Rossby wave circ 
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4.  Matthews, A.J, http://envam.env.uea.ac.uk/~e058/pub_abs.html (they 
have all been pub and the refs are there): 
 
Brief summary: Matthews, A.J (1993) PhD Thesis, University of Reading: 
The intraseasonal oscillation. Most coherent DJF MAM. JJA SON 
convection anomalies in northern hemi and propagation disjointed. 
 
5.  Matthews, A.J Hsokins B.J. Slingo J.M. Blackburn M. (1996). Development 
of convection along the SPCZ with a MJO Quarterly Journal of the Royal 
Meteorological Society, 122, 669-688. 
 
Brief summary: When an active MJO is over Indonesia the anomaly 
progresses poleward and eastward along the SPCZ, possibly by a Rossby 
wave mechanism from one good case study strong MJO 1988. 
 
6. Matthews, A.J and Kiladis G.N. (1997) Modulation of wave activity and deep 
convection in the Pacific ITCZ by the MJO Poceeding 22nd conference on 
Hurricanes and Tropical Meteorology Fort Collins Colorado, USA pp225-
226 
 
Brief summary: ITCZ dependent upon upper level westerly waveguide; 
westerly waveguide modulated in intraseasonal timescales by the MJO. 
When MJO convection is enhanced the westerly waveguide over the East 
Pacific is strengthened and there is an increase in high frequency (12days) 
convective activity. When Convection is suppressed by MJO in the west 
Pacific the westerly waveguide is weakened with reduction in high 
frequency convective activity 
 
7. Matthews, A.J and Kiladis G.N. (1999) The tropical-extratropical interaction 
between high-frequency transients and the MJO. Monthly Weather Review, 
127, 661-677. 
 
Brief summary: High frequency waves propagating into the Indian Ocean 
may help initiate MJO. Near the dateline high frequency transients disturb 
the passage of the MJO and increase convective variability of the MJO in 
the central Pacific during active phases of the MJO. 
 
8.  Schrage, J. M., Vincent DG, and Fink A.H. (1999). Modulation of 
intraseasonal (25-70 day) processes by the superimposed ENSO cycle 
across the Pacific Basin. Meteorology and Atmospheric Physics, 70, 15-27. 
 
Brief summary: During warm ENSO events MJO convection is able to 
propagate further eastward than typical. MJO convection with Westerly 
Wind Bursts (WWB) normal years, ahead of WWB ENSO years. 
 
 
25 
USQ-DPI MJO Project 
Note: Waterman, Ian (2002). Journal of Geophysical Research. Just published. Brief 
summary: looks into MJO activity in Mark2 and Mark3 CSIRO model. 
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